The interaction of the heat shock factor (HSF) with the heat shock element (HSE) was determined by a non-radioactive electrophoretic mobility shift assay, in order to analyze HSF regulation in Neurospora crassa. HSF binds to HSE under normal, non-stress conditions and is thus constitutively trimerized. Upon heat shock, the HSF^HSE complex shows a retarded mobility. This was also observed in Saccharomyces cerevisiae, where this mobility shift was shown to be due to HSF phosphorylation [Sorger and Pelham (1988) Cell 54, 8558 64]. In N. crassa, HSE-dependent electrophoretic mobility shift is temperature-and time-dependent. Under normal growth conditions, the HSF is located in the cytoplasm as well as in the nucleus. In germinating conidia the HSF shows a retarded mobility typical for heat shock even at normal growth temperatures. No HSF-dependent mobility shift was detectable in aerial hyphae. ß
Introduction
Heat shock transcription factor(s) (HSF) have been found in almost all eukaryotic organisms analyzed. In contrast to heat shock proteins (HSP), HSF proteins show only limited amino acid sequence conservation when comparing the alignments of various HSF amino acid sequences. The DNA-bound HSF is composed of three identical subunits, thus representing a homotrimer. The corresponding DNA element to which the HSF can bind is called heat shock element (HSE), which consists of at least three, more or less well conserved, NGAAN inverted repeats (i.e. NGAANNTTCNNGAAN ; [2] ). Under normal growth conditions the HSF of vertebrates exists in a monomeric, inactive state, but it is quickly trimerized as a result of stress exposure [3] . Trimerization is one of the main prerequisites for activation of the heat shock response (HSR), because it enables the trimer to bind to the HSE.
One of the two main di¡erences between the HSF1 of higher eukaryotes and the HSF from Saccharomyces cerevisiae, Kluyveromyces lactis and Tetrahymena pyriformis is the fact that in these three organisms the HSF is trimerized even under normal growth conditions. The HSF in S. cerevisiae is also responsible for basal transcription of certain stress genes during non-stressful conditions [4] and promotes higher transcriptional activity upon exposure to heat shock. Furthermore, the HSF of the two budding yeasts shows a second internal activator domain close to the N-terminus in addition to the C-terminal activator domain, which is present in all HSFs examined. The former domain is responsible for activation of the transient HSR, which persists for about 1 h [5] . At the C-terminus of the yeast HSF, a conserved element (CE2) was found in the neighborhood of a sequence of serines. Phosphorylation of these serines induces the HSF to fold di¡erently, which results in slower migration in the electrophoretic mobility shift assay (EMSA). Phosphorylation seems to be an important step, necessary to inactivate the HSF-dependent transcription [6] .
In this study, we sought to determine how the HSR is controlled in Neurospora crassa, and especially whether HSF is monomeric under normal growth conditions and trimerizes only after stress or whether the HSF shows similarities to the HSF of the budding yeast and is thus bound constitutively to DNA, possibly mediating basal transcriptional activities. We were also interested in the question whether HSF participates in di¡erential stress gene activity during germination and aerial hypha formation [7, 8] .
The results of the EMSA experiments revealed that the N. crassa HSF is more similar to the HSFs of budding yeasts than to those of higher eukaryotes, because Neurospora HSF constitutively binds to the HSE. Like in budding yeasts, the HSF of Neurospora showed retarded migration after heat shock, which might be due to an altered state of phosphorylation. The putative inactivation of the HSF during heat shock and its reversal during recovery ¢ts well to the expression kinetics of HSP70 [9] . The HSF seems constitutively inactivated in germinating conidia, whereas no HSF was detectable in aerial hyphae. The accumulation of HSP70 and GRP78 in aerial hyphae of N. crassa [7, 8] is thus most likely due to other regulatory pathways.
Materials and methods

Electrophoretic mobility shift assay
Detection of HSF^HSE interactions by non-radioactive EMSA has been described elsewhere [10] . In short, exponentially growing mycelia [7] of N. crassa (bd-A strain) were harvested (40 h after inoculation with 13U105 conidia per 25 ml LL medium (2% (w/v) saccharose; 2% (v/v) 50UVogel N [11] at 25³C in 9-cm Petri dishes) and frozen in liquid nitrogen. The bd-A strain of N. crassa is similar to the wild-type strain but shows a more pronounced circadian conidiation pattern. After grinding the mycelia with sea sand in a mortar in the presence of liquid nitrogen, the resulting homogenate was placed in a small glass vessel. After addition of 1 ml homogenization bu¡er (200 mM Tris^HCl pH 8.0, 10% glycerol (v/v), 10 mM EDTA, 10 mM DTT), the mixture was stirred for 20 min at 4³C. The homogenate was then centrifuged twice at 18 000Ug for 30 min, and the supernatant was directly used for EMSA analysis. For one binding reaction 25 Wg of protein was used.
A digoxigenin (Dig)-dUTP-labelled HSE probe from the ssa1 promoter of S. cerevisiae was used to examine HSF action in native cell homogenates of N. crassa. This HSE was used because no HSE showing the complete HSE consensus sequence has been found as yet in two promoters of N. crassa heat shock genes [12, 13] . The sticky ends of the probe (Fig. 1a) were labelled with a Taq polymerase (Biotherm, GeneCraft Mu « nster, Germany) with Dig-dUTP (50 WM; Boehringer Mannheim, Germany) in the presence of dVTPs (100 WM) in a thermocycler using the following protocol : (1) (hotstart) 96³C for 2 min; (2) 85³C for 10 s; (3) 82.5³C for 20 s; (4) 72³C for 2 s; steps 2^4 were cycled 70 times. Fig. 1b shows the doublestranded HSE oligonucleotide that was used as a speci¢c competitor. After the labelling reaction, the HSE was precipitated by adding ethanol (2.5 volumes) in the presence of LiCl (2.5 Wl of a 4 M solution) and stored overnight at 320³C. The probe was then centrifuged at 18 000Ug (4³C) for 30 min. The supernatant was discarded and the precipitate resolubilized in 50 Wl double distilled water. The label e¤ciency was checked by dot blotting, and the probe was then used for EMSA. For each binding reaction, 10 ng of the labelled HSE was used. 5Ubinding bu¡er was prepared according to Sorger and Pelham [2] , modi¢ed ; 1U: 20 mM HEPES^KOH pH 7.9, 60 mM KCl, 12% glycerol, 2 mM EDTA, 2 mM DTT. The non-speci¢c competitor consisted of poly d(I-C) 0.5 Wg Wl 31 , and was present in all EMSAs. The speci¢c competitor consisted of 400 ng Wl 31 unlabelled HSE. The solutions (5Ubinding bu¡er, HSE, cell extract, poly d(I-C), speci¢c competitor, H 2 O) were mixed [10] and then loaded onto a 4% native polyacrylamide gel after 20 min of binding time at room temperature. The gel run (200 V) was performed in 1UTAE for 1.5 h at 4³C. Following the run, the gel was blotted onto a positively charged nylon membrane at 400 mA for 60 min. The blot was then either baked at 80^100³C for 30 min and/or UV-crosslinked. The digoxigenized probe was detected by an antibody (Fab fragment) against digoxigenin conjugated with alkaline phosphatase according to the manual of Boehringer Mannheim (Germany).
Results
We used a HSE from the hsp70 gene (ssa1) promoter of S. cerevisiae (Fig. 1a ) in order to test whether it is recognized and bound by HSF trimers from di¡erent yeasts. The HSE probe together with whole cell extracts (control and heat-shocked) from S. cerevisiae (not shown) and Kluyveromyces thermotolerans were analyzed by EMSA. In both organisms, HSF^HSE complexes as well as the heat-induced speci¢c shift from the control to the heat shock signal were detected, which is known to be due to heat shock-dependent phosphorylation in two budding yeasts (Fig. 2 , top panel; [1] ).
The HSE as described in Fig. 1a was used as a DNA probe to ¢nd out whether the HSF of N. crassa mainly exists in a constitutively trimerized and DNA-bound form as in S. cerevisiae or whether it is trimerized only under stress conditions as in higher eukaryotes. We incubated control and heat shock (41³C for 1 h) extracts from exponentially growing N. crassa with the HSE probe. In the middle panel of Fig. 2 (lanes 3 and 4) , signals appear which represent the free oligonucleotide probe (below) as well as the shifted non-speci¢c and speci¢c HSE signals. In lanes 5 and 6, a speci¢c HSE competitor was added to allow speci¢c and non-speci¢c signals to be discriminated. The e¡ect of the speci¢c competitor indicates that the two slowly migrating bands, named`c' (control signal) and`hs' (heat shock signal), represent HSE-speci¢c signals. When the hs signal is present (lane 4) the control signal is slightly weaker in comparison to that of lane 3. This pattern is characteristic for the interaction between HSF and HSE in budding yeasts, because both bands are generated by HSF. The di¡erence in mobility between the control and the hs signal may be due to HSF phosphorylation during heat shock conditions, as is the case in the budding yeasts [1] . In lanes 5 and 6, a signal is present which migrates at the same speed as the c signal which remains even when a speci¢c competitor was added. We were able to show that this band in fact represents a non-speci¢c protein^HSE complex by ammonium sulfate precipitation experiments (data not shown).
If both speci¢c signals were HSF-dependent, the change from the control signal to the hs signal should be in£u-enced by di¡erent heat shock temperatures. To examine this assumption, N. crassa mycelia were subjected to different heat shock temperatures (39, 41, 43, 45, 47³C), and the extracts then analyzed by EMSA. The results of one representative experiment show that the extent of the conversion of the control to the hs signal increases with the temperature of the heat shock and is strongest at 45³C (Fig. 2, bottom panel) .
In S. cerevisiae and K. lactis HSF phosphorylation is responsible for the shift between the c and the hs signals and represents a step towards transcriptional inactivation of heat shock genes [6] . In order to ¢nd out whether this also applies to N. crassa, the kinetics of the heat shockinduced shift were determined. Exponentially growing mycelia were incubated at 43³C for di¡erent periods of time (0, 2, 5, 10, 20, 30, 60 min). EMS analyses of the probes show that the shift from the c to the hs signal was timedependent. The mobility shift was already detectable after 2 min, and a complete shift to the hs band was observed after 30 min (Fig. 3, top panel) . If the HSF regulation in N. crassa were similar to that in the budding yeasts, the rate of transcription of genes under HSF control should have declined after 30 min of heat shock, because all detectable HSF is then shifted to a phosphorylated, i.e. presumably inactive, state. It has indeed been shown that the amount of inducible hsp70 mRNA in N. crassa reaches a peak 30 min after the beginning of heat shock and then declines [9] .
We then wanted to know how long the presumably inactive hs signal exists during recovery at 25³C. Therefore, a heat shock (45³C) was applied to mycelia for 1 h. The mycelia were then analyzed at di¡erent times during the subsequent recovery. A decline of the hs signal was observed after 12 h (middle panel of Fig. 3, lane 6 ) in several independent experiments, whereas no corresponding increase of the c signal was detectable. However, between 15 and 18 h of recovery, when nearly all of the hs signal had vanished, the control signal gained intensity. This may suggest that the HSF returns to its`normal' (activatable) state within this period of time.
In order to test how the HSF^HSE interaction is regulated under continuous heat shock conditions, an experiment similar to that described above was performed, but with a heat exposure (42³C) of 24 h duration. As a result, a decrease of the hs signal was observed already after 9 h of continuous heat treatment (Fig. 3, bottom panel) . Within 24 h of continuous heat shock, however, no return of the control signal was observed during the ¢rst 9 h of adaptation. The signal in lanes 3^5, which migrates as fast as the c signal, was shown to be a non-speci¢c signal, not representing HSF^HSE interaction (data not shown).
Under normal growth conditions, the HSF in higher eukaryotes exists in a monomeric state and is located mainly in the cytoplasm. Stress induces trimerization and translocation into the nucleus [14] . To examine where the HSF of N. crassa is located under normal and stress conditions, nuclear fractions were analyzed with respect to their HSE binding capacity. The results indicated that the HSF is located in the nucleus under heat shock but also under non-stressful conditions (data not shown), in the latter case possibly mediating constitutive hs gene activity as was shown for the HSF in S. cerevisiae [4] . After 1 h heat shock, the HSF in the nuclear extracts was completely transformed into the hs signal, i.e. into the presumably inactive state (data not shown).
We were interested in the question whether the HSF is di¡erently regulated in di¡erent developmental stages, because heat shock genes are di¡erently expressed during germination and di¡erentiation of N. crassa [7, 8] . We ¢rst examined germinating conidia with respect to their HSF regulation. For this purpose, dormant conidia were harvested and incubated for 3 h at 25³C in growth medium under which condition they germinate. During the fourth hour of incubation a heat shock (45³C) was applied, while control cultures remained at 25³C. In these germinating conidia the HSF^HSE complex showed the same retarded Fig. 1 . a: HSE probe from S. cerevisiae. The nucleotide sequence within the bracket represents the HSE itself. Instead of C and T, two adenosines (both underlined) were inserted into the sticky end on the right, to enable the incorporation of Dig-dUTP. b: Unlabelled HSE was used as a speci¢c competitor to distinguish between speci¢c and non-speci¢c signals.
electrophoretic mobility in the untreated (and heat shock) samples, which in mycelia is characteristic for heatshocked cells only (Fig. 4, top panel) . This experiment was reproduced several times and indicates that the HSF of normally germinating conidia is present in its inactive form. The result corresponds to earlier ¢ndings that the HSP70 level in germinating conidia declines during the ¢rst hours of germination [7] and would thus con¢rm the assumption that the hs band represents the inactive state of the HSF.
The highest HSP70 and hsp70, grp78 mRNA levels in N. crassa have been reported in aerial hyphae [7, 8] . Therefore, experiments were performed to investigate how the HSF is regulated during this state of di¡erentiation. Aerial hyphae were harvested 48 h after beginning of aerial hypha formation and prepared for EMS analysis. Surprisingly, no speci¢c HSE retardation signals were found in the control or in the heat shock-treated samples (Fig. 4,  bottom panel) . The same was true for 32-h-old aerial hyphae (data not shown). 
Discussion
The EMSAs with whole cell extracts of N. crassa showed two HSE-speci¢c signals, the c and the hs band (Fig. 2, middle panel) . The speci¢c signal of heat-shocked cell extracts (hs) migrated more slowly than the speci¢c signal of control cells (c). This is characteristic for HSFĤ SE interactions in S. cerevisiae, K. lactis and T. pyriformis [1, 6, 15] . The lower mobility of the heat-shocked HSF in these organisms is due to phosphorylation and a subsequent refolding. It is unlikely that the hs signal in our experiments is generated by formation of HSF hexamers, since the used HSE contains only three inverted NGAAN repeats, which are each bound by one monomer of the HSF trimer. This prerequisite makes it di¤cult for two HSF trimers to bind cooperatively as a hexamer. The phosphorylation is a step towards the inactivation of HSF [6] . E¡orts to show that this shift in signal mobility in N. crassa is indeed due to phosphorylation failed due to di¡erent reasons. Jakobsen and Pelham [16] have shown that phosphorylation at CE2 of HSF, which leads to the hs signal, is necessary to inactivate HSF-dependent gene expression in K. lactis. When the serines localized at the CE2 were converted into alanines this mutant showed a constitutively active HSF. HSF phosphorylation is detectable after 3 min of heat shock in S. cerevisiae [17] which corresponds to the hs signal in N. crassa, which appears after 2 min of heat shock (45³C). If the slowly moving band of N. crassa represents an inactive state of the HSF, one would expect that all of the HSF should appear in this band at the time when the transcription of heat shock-inducible genes declines. This was actually observed: an inducible hsp70 gene in N. crassa showed its highest mRNA levels after 30 min of heat shock [9] , exactly when only the hs signal was observed.
The shift from the control to the hs signal is temperature-dependent, as was observed for the HSF of S. cerevisiae [17] . In N. crassa, the strongest hs signal was found in cells exposed to 43 and 45³C for 1 h. N. crassa also shows the strongest induction of heat shock proteins within this temperature range, whereas at 47³C the heat shock protein synthesis declines [18] possibly due to heat-induced damage to the gene control and expression machinery. This decline was also observed in the HSF^HSE interaction (Fig. 2, middle panel) . HSF phosphorylation in S. cerevisiae was similarly temperature-dependent, except that the signal strength of the hs band peaks at 39³C [17] .
The assumption that the control and the hs signals in our experiments represent the active and inactive state of the HSF and that these states can be linked to the heat shock response is furthermore supported by the results shown in the middle panel of Fig. 3 . They demonstrate that the hs signal has nearly vanished after 18 h of recovery. Its decreased intensity may be compared to an increase in the control signal. Fracella [18] showed under the same heat shock conditions that the HSP70 protein level declined after 18 h to a level which is found under normal growth conditions. A recovery of an activatable HSF at this time appears plausible, because it enables the organism to respond to another heat shock, when newly synthesized HSPs are again needed.
A similar relationship between the decline of inducible HSP70 level and the conversion from the hs to the control signal may be derived from the bottom panel of Fig. 3 . The conversion takes place after about 9 h of adaptation to 42³C, which closely corresponds to the decrease of the HSP70 level to control levels after 8 h under the same conditions [9] .
In higher eukaryotes, the HSF monomers show di¡erent localizations within the cell depending on the organism or cell line. In Drosophila melanogaster, the HSF is localized in the cytoplasm and the nucleus, while in some mammalian cell lines the HSF is present mainly in the cytoplasm and shows a fast translocation into the nucleus within 2 min of heat shock [3, 14, 19, 20] . In contrast to the HSF of higher eukaryotes, the HSFs of S. cerevisiae and K. lactis are constitutively trimerized and thus able to bind DNA under non-stressful conditions. In S. cerevisiae the HSF is responsible not only for stress-induced transcription but also partly for the basal transcription rate of, for example, kar2 and ssa1 [4, 21] . Our experiments show that the HSF from N. crassa mycelia grown under normal growth conditions binds to the HSE. This leads to the assumption that the HSF of N. crassa is also constitutively trimerized under normal growth conditions. If the HSF of N. crassa were also responsible for basal transcription of hsp genes, the HSF should be localized in the nucleus at normal growth temperatures. Indeed, we were able to show that speci¢c HSE binding can easily be detected in the nuclear fraction of N. crassa before and after heat shock.
The HSF of S. cerevisiae exhibits a longer HSE binding half-life (15 min) than the human HSF1 (2 min). The HSF of N. crassa shows similarities to yeast, since the speci¢c signals decline by ca. 30% in the presence of the speci¢c competitor within 19 min (data not shown).
Fracella et al. [7] reported that the HSP70 concentration declined during the ¢rst 4 h of conidia germination, which may suggest a lack of new HSP70 synthesis. The results in the top panel of Fig. 4 may explain this observation. During germination, the HSF^HSE complex exists in the form of the (inactive) hs signal even under normal growth conditions (25³C). The HSF thus seems to be constitutively phosphorylated and inactivated in germinating (and resting?) macroconidia. A heat shock response can, however, be induced at this stage [22] . The heat shock response is terminated faster than the heat shock response in exponentially growing mycelia. This ¢nding supports the hypothesis that in addition to the carboxy-terminal activator domain, which is present in all known HSFs, the HSF of N. crassa has a second activator domain close to the N-terminus, as has been shown to be the case in the HSF of S. cerevisiae and K. lactis. The latter activator domain is su¤cient to mediate the transient heat shock response in S. cerevisiae [5] .
We were unable to detect HSF^HSE interactions in aerial hyphae, which seems surprising in view of the high amounts of HSP70 observed at this developmental stage [7] . This allows the conclusion that other transcription factors must be involved in the regulation of hsp70 gene transcription during di¡erentiation, for example cis-regulatory sequences described for conidiation-speci¢c (con) genes (Crs-B ; con10 general enhancer (CGE) [23] ), which were also found in the promoter of grp78 (Monnerjahn et al., in preparation) and hsp70 [13] .
In conclusion, this study reveals that the HSF of N. crassa and thus the heat shock response are similarly regulated as in S. cerevisiae and K. lactis, i.e. N. crassa shows constitutive HSF^HSE binding and heat shock-induced HSF alteration, which leads to a fast inactivation of the HSF. Developmental stages (germination and formation of conidia) show signi¢cant di¡erences in HSF regulation and presence.
